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TABLE I DETAILED BALANCE EFFICIENCIES AND OPTIMUM BAND GAPS (E G
1-SUN AND 500-SUN SERIES-CONNECTED TANDEM SOLAR CELLS Multijunction solar cells (e.g., InGaP/GaAs/Ge with band gaps of 1.85 eV/1.4 eV/0.66 eV) suffer from the poor longwavelength response, due to unavailability of narrow band gap materials (other than Ge) LM to the conventional substrates (InP and GaAs) [3] , [4] . Thus, the use of multiple subcells with narrow band gaps while using GaAs-based upper cells can dramatically increase the carrier collection efficiency (both under 1-sun and high illumination) [5] , [6] . Table I presents optimal band gaps for the subcells in multijunction solar cells, including three-and four-junction solar cells, deduced from detailed balance calculations [7] , [8] . Currently, the highest conversion efficiency reported is approximately 46% at a concentration of 508 suns using a four-junction device, consisting of an InGaP/GaAs top stack bonded to an InGaAsP/InGaAs LM to InP [9] . Recently, a five-junction solar cell comprised of a triple-junction GaAs-based cell mechanically stacked on a dual-junction GaSb/InGaAsSb cell was reported with an implied cell efficiency of 44.5% [10] .
Overall, for higher efficiency solar cells (either under 1-sun or concentration), it is beneficial to have materials with band gaps between 0.4 and 1.6 eV (depending on the number of junctions and the concentration ratio). These materials mainly include GaInNAs(Sb) (dilute nitride-based) grown on GaAs substrates and Al(In)GaAsSb (Sb-based) grown on GaSb substrates. Other material systems such as InGaN grown on SiC substrates and InGaAs grown on InP, GaAs, and Ge substrates are also investigated.
Dilute nitrides are promising candidates for additional lower band gap cells due to their flexible band gap and ability to be grown LM to GaAs substrates [11] . Dilute nitride solar cells generally suffer from low minority carrier diffusion length 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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coupled with a narrow depletion width due to defects associated with high nitrogen incorporation [12] . Recent material improvements have led to a high-efficiency LM solar cell, grown on GaAs, with a dilute nitride subcell [InGaP/GaAs/GaInNAsSb (∼1.0 eV)] and an efficiency of ∼44% [13] . However, achieving even narrower band gap dilute nitride-based solar cells (E G < 1 eV) is still challenging, mainly due to difficulties in the incorporation of Sb and As. Alternative candidates such as Sb-based materials can solve this issue. The narrow band gap offered by this material system can increase the photon conversion efficiency of multijunction solar cells for longer wavelengths. Despite this potential, the growth of Sb-based alloys on LM GaSb substrates has some disadvantages such as the high cost of GaSb wafers and lack of good substrate-removal chemistry required for inverted devices [14] . In order to address these issues, Sb-based alloys can be grown on alternative substrates, such as GaAs [15] . There have been multiple approaches to achieve GaSb on GaAs, including wafer bonding and using different metamorphic buffer layers such as superlattices and compositionally graded layers [16] - [19] . However, these methods are not commercially attractive and can introduce complexity into the device processing.
In this paper, we demonstrate an alternative metamorphic method in which high-quality GaSb layers are grown on GaAs. To investigate the potential of such metamorphic technique for the growth of Sb-based subcells, we grew Al x Ga 1−x Sb singlejunction solar cells on GaAs substrates. Al x Ga 1−x Sb absorbers with three Al compositions of 0, 0.15, and 0.50 were chosen based on the optimum band gaps for multijunction solar cells from detailed balance considerations [7] . The objective of this study is to compare Al x Ga 1−x Sb cells grown on LM GaSb and highly lattice-mismatched GaAs substrates.
II. EXPERIMENTAL DETAILS
Samples were grown on semi-insulating GaAs (001) substrates using a molecular beam epitaxy Veeco GEN III system equipped with As and Sb valved crackers and Ga and Al effusion cells. The crystal quality of GaSb film grown on GaAs was investigated by high-resolution transmission electron microscopy (TEM). High-quality strain-relieved GaSb layer was grown on GaAs through the formation of interfacial misfit dislocations (IMF) confined to the hetero-epitaxial interface. This method allows instantaneous strain accommodation at the GaSb/GaAs hetero-epitaxial interface without using thick metamorphic buffers. This makes it possible to integrate GaSb-based subcells with GaAs-based cells and take advantage of the long wavelength absorption of GaSb-based active regions. A detailed description of the growth procedure is discussed in our earlier work [20] . Previously, AlGaSb/GaSb edge-emitting laser has been grown on GaAs with this method and showed promising results, comparable to the devices grown on GaSb substrate [21] . Also, it is shown in this work that using an AlAsSb layer on the GaSb/GaAs can further reduce the threading dislocation density (TDD).
To investigate the performance of solar cells made with the aforementioned growth methods, two sets of samples with Al x Ga 1−x Sb (x = 0.15 and 0.50) and GaSb active layers were grown, fabricated, and characterized. The Al mole fraction (x) in the base and emitter is 0.15 for sample A and 0.50 for sample B. Samples A and B were grown on GaAs substrates. The typical device structure is shown in Fig. 1 . AlAs y Sb 1−y (y = 0.08) layers were used as back surface field (BSF) and window layers to reduce the impact of surface recombination on the open-circuit voltage (V OC ) and the short-circuit current density (J SC ). The GaSb cell (sample IMF) was similarly grown on a GaAs substrate with the exception of using the BSF and window layers in order to investigate the effect of AlAs y Sb 1−y as a dislocation-blocking layer (BL) on the cell performance. The photovoltaic responses of all the samples were then compared with the same size control cells. The control cells have the same structure as the samples mentioned above but were grown on LM n-GaSb (001) substrates.
Rectangular mesas (2.2 mm × 2.8 mm) were defined by photolithography, and an inductively coupled plasma etching process with BCl 3 and Cl 2 gases was used to electrically isolate individual cells. Ti(500Å)/Pt(500Å)/Au(3000Å) and Ni(390 A)/Ge(590Å)/Au(233Å)/Pt(476Å)/Au(2000Å) layer stacks were deposited using e-beam evaporation as contacts to p-GaSb and n-GaSb, respectively, and then annealed for 40 s at 290°C under a N 2 rich atmosphere. As depicted in Fig. 1 , lateral rear contacts were used for the samples grown on GaAs in order to avoid contacting the devices through the defective GaSb/GaAs interface. For the samples grown on GaSb, rear contacts were used on the backside of the n-GaSb substrates. Both contacts demonstrated ohmic behavior, measured using transmission line measurement patterns. It is widely known that achieving a low resistivity n-GaSb contact is challenging due to multiple reasons. Elemental Te, used as an n-type dopant, has a high vapor pressure which can cause memory effects and complicated reactions with Ga [22] , [23] . In addition, the surface of GaSb exhibits Fermi level pinning near the valence band, causing a broad and high Schottky barrier [24] . Despite these challenges, the n-contact shows a promising resistivity of ∼10 -5 Ω·cm 2 due to the increased activation efficiency of Te dopants by optimization of the annealing process.
The light J-V characteristics were measured in-house using a continuous Oriel class A solar simulator equipped with a Xenon ARC lamp (AM1.5G). The intensity of the Xenon lamp was adjusted using a Si reference cell to set the lamp intensity equal to 1-sun. In addition, the external quantum efficiency (EQE) was measured by a PV Measurements QEX10 equipped with a dual grating monochromator and monochromatic probe light with long wavelength detection capability. Reflection losses were also acquired with a dual-beam spectrophotometer equipped with an integrating sphere.
III. RESULTS AND DISCUSSION

A. Crystal Quality
The cross-sectional electron micrograph of the GaSb/GaAs interface illustrates the extent of relaxation and the presence of periodic misfit dislocations, shown in Fig. 2(a) . Fig. 2(b) shows that these misfit dislocations are purely 90°dislocations based on the Burgers vector analysis. The IMF dislocations are spaced at 13 GaSb lattice sites or 14 GaAs lattice sites with a spacing of ∼5.5 nm. This spacing of the dislocations is the principal mechanism for the relaxation of the GaSb layer on GaAs [25] . Thus, the presence of misfit dislocations can be attributed to the large lattice mismatch (f) between GaSb and GaAs (f = (Δa 0 /a) = 7.8%), where a represents the lattice constants. The combination of the large lattice mismatch between GaAs and GaSb along with the preference for GaSb on GaAs to undergo spontaneous plastic relaxation results in the creation of pure edge dislocations localized at the interface along the [110] and [110] gliding vectors with a periodicity of (|b|/ε xx ) [26] , where b is Burgers vector and ε xx is in-plane strain. The subsequent growth of GaSb happens after complete relaxation, leading to a lower TDD in the GaSb epilayer. There is, however, a significant density of residual threading dislocations (TDs) despite the formation of the IMF dislocations. The mechanism for the formation of such TDs is attributed to the coalescence of the GaSb islands, with the coalescence point leading to the creation of 60°misfit dislocations that can thread into the GaSb and possibly the subsequent epilayers (such as Al x Ga 1−x Sb). In the epitaxial growth of Al-containing GaSb on GaSb/GaAs, the small net mismatch between AlGaSb and GaSb causes a slight increase in the TDD. For example, extracted TDD from cross-sectional TEM images of an Al 0. 15 
The presence of dislocations has a detrimental effect on solar cell performance by increasing the dark current density (J 0 ) and reducing V OC mostly due to nonradiative recombination centers. Therefore, it is beneficial to reduce J 0 by improving the material quality. Motivated by that, in this work, the TDD was further reduced by forming an AlAs y Sb 1−y layer on top of the GaSb/GaAs interface to prevent dislocations at the AlAs y Sb 1−y /GaSb interface from propagating to the surface. A similar result was achieved by Katz et al. in an InGaSb/AlSb film [27] .
In order to study the effect of BL on TDD and establish a range for TDD values, we have prepared three samples with different GaSb buffer layer thicknesses (100, 250, and 500 nm) followed by AlAs y Sb 1−y (y = 0) BL grown on GaAs substrate. Fig. 3 shows schematics of the grown samples along with their TEM images. The TDD was calculated from the plan-view TEM images. Further inspection shows that the TDD values measured in this study are highly reproducible. The sample without the AlSb BL (sample I) has a TDD of 1.3 × 10 8 cm -2 , which is typical for GaSb layers grown on GaAs substrates with arrays of IMF dislocations. Samples II, III, and IV show that with the insertion of AlSb, the TDD is reduced. This is mainly attributed to the difference in the mechanical stiffnesses of GaSb and AlSb, which controls the propagation of TDs. The net force on the dislocations below the AlSb/GaSb interface is repulsive leading to prevention of dislocations from being drawn to the surface [27] , [28] . In addition, it is evident that as the thickness of the GaSb buffer layer increases to 500 nm, the TDD reduces to 3.6 × 10 7 cm -2 (sample IV).
B. Device Performance 1) GaSb/GaAs Solar Cell:
An additional GaSb/GaAs cell (Sample IMF-BL) was prepared by inclusion of the AlAs y Sb 1−y (y = 0) layer on the GaSb/GaAs to study the effect of the BL on the performance of GaSb (x = 0) cell. As mentioned earlier, the BSF and window layers were not used in the GaSb cells to rule out their effects on the cell performance analysis; see Fig. 1 . The control cell that was grown on the LM GaSb substrate has no BL (control LM). Fig. 4(a) depicts the light J-V, dark J-V, and EQE of the bestperforming GaSb cells. Sample IMF (without the BL) shows a Table II . Although sample IMF and IMF-BL exhibit shunting issues, it is clear that sample IMF-BL has higher V OC and J SC values, which can be correlated with its improved crystal quality and fewer Shockley-Read-Hall (SRH) recombination centers resulted from the inclusion of the AlSb BL. The difference in the dark current values also reflects material-related differences between sample IMF and IMF-BL; see inset of Fig. 4 . The dark current densities of sample IMF, sample IMF-BL, and control LM are ∼212, ∼48, and ∼8 mA/cm 2 at -1.0 V, respectively. The shunt resistances extracted from the dark J-V curves are ∼13 and ∼100 Ω·cm 2 for sample IMF and IMF-BL, respectively, indicating a higher recombination rate for the sample without the BL. The combined effects of leakage current and shunting due to the formation of defects have a detrimental effect on J SC and V OC of the lattice-mismatched samples. However, these effects are moderated by the implementation of the BL.
The EQE of sample IMF-BL is higher than sample IMF at wavelengths above ∼800 nm, indicating carrier collection improvement at long wavelengths. The long wavelength photons can penetrate further into the device and be absorbed near the defective GaSb/GaAs interface. Thus, the increase in the EQE shows that the sample with the BL has a lower density of SRH recombination centers above the GaSb/GaAs interface, which means an increase in the SRH lifetime. At shorter wavelengths, below ∼800 nm, most of the loss originates from the surface reflection and absorption in the GaSb capping layer and, as a result, the EQE profiles are similar. However, the samples grown on GaAs have lower EQE values compared to the control cell throughout the studied wavelength range. The difference in the EQE values between the control cell and sample IMF-BL is less than ∼15% throughout the entire wavelength range, which makes further growth optimization of the GaSb/GaAs interface and the BL necessary.
These results show that GaSb-based cell performance can be improved by growing GaSb on GaAs using IMF dislocations and incorporating AlSb layer as a BL on GaSb/GaAs layer. By adopting a similar platform and considering the similarities in the material properties of Al x Ga 1−x Sb (x = 0.15 and 0.50) and GaSb, we expect the AlGaSb cells (samples A and B) with AlAs y Sb 1−y (y = 0.08) layers to have TDDs in the range of 5 × 10 7 -5 × 10 8 cm -2 , depending on the Al content (x) and thicknesses of the AlAs y Sb 1−y and GaSb buffer layers. It is worth mentioning that the analysis of the Al x Ga 1−x Sb/GaSb/GaAs structures using plan-view and cross-sectional TEM images resulted in unreliable TDD counts mainly due to oxidation of the Al-containing layers during sample preparation. The mentioned AlAs 0.08 Sb 0.92 layer on top of the GaSb (500 nm)/GaAs stack acts as a BL and a backside barrier. The device performance of AlGaSb/GaAs solar cells is discussed below.
2) AlGaSb/GaAs Solar Cell: Fig. 5 and Table III show [29] . The increased W OC with increasing Al composition is most likely due to increased point defects and/or dislocations. Moreover, the transition from GaSb to GaAs substrate results in increasing W OC given the recombination-active nature of defects in lattice-mismatched solar cells. The effect of transitioning from GaSb to GaAs substrate results in a reduction of J SC by 5-10%. This could be due to the reduced shunt resistances of samples as their slopes at short circuit are significantly higher than their control counterparts. The EQE and corresponding loss mechanisms of all the cells are depicted in Fig. 6 . Control cells demonstrate higher EQE compared to their sample counterparts. Peak EQE values for samples A and B are ∼30% and ∼13%, respectively, while controls A and B have peak EQE values of ∼35% and ∼20%, respectively. The difference in EQE caused by Al composition could be due to decreased absorptivity in the indirect band Al 0.5 Ga 0.5 Sb [30] and reduced minority carrier lifetime. It is shown that the top surface reflection losses make up the majority of the optical losses as these devices had no antireflection coating. In the short-wavelength range, the 20-nm-thick GaSb cap absorbs most of the remaining light. This absorption loss is calculated based on the extinction coefficient data provided by Ferrini et al. [31] . The GaSb capping layer was not chemically etched, due to the strong oxidation and roughening of the AlAs 0.08 Sb 0.92 etch-stop window layer during the wet-etch process [32] . Parasitic losses account for all other loss mechanisms, which are mostly transmission loss and loss of generated carriers due to recombination (SRH), predominantly in the absorber. To further study the effect of dislocations on the solar cell performance, the dark J-V characteristics were fit with a singlediode model. The fitting parameters of the Al 0.15 Ga 0.85 Sb cells are presented in Table IV (the results of the Al 0.5 Ga 0.5 Sb cells are not presented here). The slopes at short circuit of control A and sample A were fit with R SH of ∼15.10 and ∼0.06 KΩ·cm 2 , respectively, which indicate that the performance of the latticemismatched cell is limited by shunting (SRH recombination centers in the bulk). The slopes around open circuit of control A and sample A correspond to series resistances (R S ) of 1.7 and 0.7 Ω·cm 2 , respectively, suggesting the existence of carrier transport issues in both cells. Suns-V OC measurement of control A confirms this finding, as the pseudo-fill factor (FF 0 60%) is larger than the device fill factor (FF 52%).
This FF loss may originate from poor passivation at the Al x Ga 1−x Sb/AlAs 0.08 Sb 0.92 interfaces, contact resistance, and a high sheet resistance of the n-GaSb contact layer. The difference between the series resistances is small; thus, R S cannot be the main contributor to the lower performance of sample A. The ideality factors (n) of sample A and control A show values of 1.2 and 1.7, respectively. The low ideality factor is mostly attributed to the SRH recombination (limited by minority carriers). The dark current densities of sample A and control A, which quantify the minority carrier recombination in the bulk and at the surface, were extracted to be 3.2 × 10 -5 and 1.2 × 10 -7 mA/cm 2 , respectively. The differences in the J 0 and R SH values of these two solar cells strongly suggest that the main limiting factor in V OC and efficiency (η) is the recombination centers, acting as shunting paths.
Capacitance-voltage (C-V) measurements were performed (not shown here) to calculate the depletion-region widths of the Al 0.15 Ga 0.85 Sb solar cells, which show both cells are fully depleted. Thus, the dark current density (J 0 ) can be represented (based on the Sah-Noyce-Shockley theory) by [33] 
where n i is the intrinsic carrier concentration, W is the depletion width, D is the diffusion coefficient of the n-GaSb layer (because most of the depletion region is in the n-GaSb base layer), and L is the effective minority carrier diffusion length. By assuming that the diffusion length is recombination limited, the resulting L can be expressed as [34] 
where N d is the average dislocation density. Finally, V OC can be calculated by
Based on the mentioned parameters, using the empirical data [30] , and assuming that the Al 0.15 Ga 0.85 Sb on the GaAs substrate resulted in a TDD of ∼5 × 10 8 cm -2 and an ideality factor of 1.2, the calculated V OC is ∼0.2 V, which is close to the V OC extracted from the light J-V curve of sample A. However, the efficiency is expected to increase as the crystal quality improves through reduction of the TDD as were experimentally demonstrated with GaAs-based solar cells grown on Si by Onno et al. [35] and Yamaguchi et al. [36] . For example, by reducing the TDD to 5 × 10 6 cm -2 , which is a projected realistic limit for metamorphic structures with high lattice-mismatches, V OC can be increased to ∼0.35 V (assuming the same ideality factor).
IV. CONCLUSION
The growth, fabrication, and electrical characterization of Al x Ga 1−x Sb/GaAs solar cells with 0, 0.15, and 0.50 Al contents have been demonstrated. Although the crystal deterioration and the high density of SRH recombination centers limit the performance of solar cells, the highly lattice-mismatched devices show photovoltaic responses comparable to the LM devices. This was achieved by optimizing the growth conditions of GaSb on GaAs and implementing AlAs y Sb 1−y dislocation-BL on the GaSb/GaAs layer, which led to low TDDs and consequently increased V OC values.
